We present a process to fabricate molecule-based nanostructures by merging a bottom-up interaction and a top-down nanolithography. Direct nanoscale positioning arises from the attractive electrostatic interactions between the molecules and silicon dioxide nanopatterns. Local oxidation nanolithography is used to fabricate silicon oxide domains with variable gap separations ranging from 40 nm to several microns in length. We demonstrate that a ionic tetrathiafulvalene (TTF) semiconductor can be directed from a macroscopic liquid solution (1 M) and selectively deposited onto predefined nanoscale regions of a 1 cm 2 silicon chip with an accuracy of 40 nm.
Introduction
Relatively inexpensive approaches for the fabrication of planar devices based on materials by design are critical for the development of organic-based electronics. [1] [2] [3] [4] Taking advantage of several nanolithographies [5] [6] [7] as well as the self-organisation of functional molecules, it has been possible to fabricate surface patterns of these functional units with the proper position and shape and establish connections with other components of the device [8] [9] [10] [11] [12] . These approaches make use of specific interactions, such as hydrophobicity/hydrophilicity, electrostatic or protein recognition, between the components and the substrate. Organic semiconductors [13, 14] are materials of particular importance as they are the active components in several electronic devices such as identification tags [15] , electronic bar codes, electronic paper or active matrix elements for displays [16] [17] . Tetrathiafulvalene (TTF) derivatives are in turn, remarkable semiconductors for preparing devices as Field Effect Transistors [18] [19] [20] [21] [22] and the obtained results already point out the high potential of these materials, which can be easily procesed [23] and tailored synthesized. [24] Even though nanostructuration of TTF derivatives in different surfaces has been demonstrated, [25] [26] [27] [28] potential applications of TTFs as component in circuitry do still require methods for precise nanoscale controlled position and/or manipulation of those molecules.
We have applied a scanning probe microscopy-based lithography for controlling the positioning of the molecules. Local oxidation nanolithography is an atomic force microscopy (AFM) lithography technique that it is based on the spatial confinement of the oxidation reaction within a water meniscus formed between a nanometer-size 3 protrusion, usually the tip of an AFM and the sample surface [29] [30] [31] [32] [33] [34] . The local oxidation process is rather stable and robust, and parallel upscaling of the nanolithography has been demonstrated by using a print-based approach. [35, 36] . AFM nano-oxidation has been applied to fabricate a wide variety of templates for the growth of several organic and biomolecules such as oligothiophenes [7] , single-molecule magnets [37] , proteins [38, 39] or gold nanoparticles [40] [41] .
Our present contribution is focused on the incorporation of organic semiconductors (TTF derivatives) onto silicon substrates based on the electrostatic interactions between charged TTF derivatives and the local oxide nanopatterns. We report a process for the transfer of charged TTF derivatives from a macroscopic liquid solution into a predetermined nanoscale region of a silicon surface. The method allows the fabrication of nanostructures made of TTF on silicon oxide templates separated 40 nm apart while the rest of the neighbourhood regions remain free of the molecules.
Experiments and discussion of results
We have synthesized the TTF derivatives 1 and 2 bearing polar charged groups (carboxylates) as substituents with different counterions that permit to solubilize the molecule either in water (sodium TTF salt 1) or organic solvents (tetrabutylammoiun TTF salt 2). [27] For comparison purposes, the neutral TTF derivative 3 [27] was also studied. The best results were obtained with the water soluble sodium salt 1 (figure 1).
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A schematics of the process followed to position TTF molecules is presented in figure 2 .
First, the silicon chip is immersed in a hot (80º C) NH 4 Nanoscale direct assembly arises from a combination of two factors: (i) the strength of the attractive electrostatic interactions between the molecules and the charged local oxides,
(ii) the weak interaction between the molecules and the unpatterned surface.
The local oxidation of the silicon was performed with an amplitude modulation atomic force microscope operated in the low amplitude solution (noncontact or attractive regime) and with additional circuits to apply voltage pulses. The local oxidation experiments (water meniscus) were performed with the AFM exposed to the laboratory relative humidity (30-40%). As an example in figure 3, we show a SiO 2 pattern made of two pointed arrows separated above 220 nm.
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The upper part of the pattern has been generated by the application of a voltage pulse of 24 V for 1 ms while the bottom part was generated by increasing the voltage to 30
V. The height of the local oxide depends on the strength and duration of the voltage [42] .
The cross-section shows the top section with an average height of 0.8 nm while the bottom part has a height of 2.2 nm.
After the deposition of the TTF derivative 1, we can observe in figure 4 that the molecules are mostly depositied on the bottom part. This is better appreciated by plotting dynamic force microscopy phase contrast images (figures 4(b) and (c)). The sensitivity of phase imaging to changes in energy dissipation processes [43] allows to achieve compositional contrast at the nanoscale without the interference of topography. The phase image allows us to visualize the different materials, silicon, nanooxide and nanoparticles.
The experiment reveals that the compound 1 forms nanoparticles that are selectively deposited on the SiO 2 nanopatterns or at their edges with a precision below 40 nm (figure 4(c)). We also observe that the preferentiality of the interaction is substantially increased on the thicker nanopatterns. We have also deposited the non-charged TTF derivative benzodicarbomethoxy -tetrathiafulvalene 3; however, here we did not observe any kind of preferential interaction between the local oxides and the molecules.
It is known that the local oxidation process, owing to the presence of very high electrical fields (1-10 V/nm), generates trapped ionic species [44] . The density of trapped charges depend on the total charged transfer between the electrolyte and the substrate, or in other words, on the height of the oxide.
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We attribute the source of the preferential interactions between the TTF derivative 1 and local oxide nanopatterns to the electrostatic interaction of the molecules with the trapped charges generated inside the nano-oxide. The differences in the preferentiality observed between shallow and thick nano-oxides is attributed to the higher charge built-up obtained in the thicker nano-oxides. We hypothesized that the Na + cations remain tightly bounded to the TTF molecules during the deposition process and that dipole-dipole interactions are the driving force in the deposition process. These experiments also indicate the characteristic length scale of the weakly screened long range electrostatic forces generated by the trapped charges is of several micrometers because there are not nanoparticles around the SiO 2 nanopatterns. When the tetrabutylammonium salt 2 was used instead, the formation of nanoparticles were also observed, although the distribution size was not so homogenous in this case and, importantly, no preferential deposition on the local oxide nanopatterns was observed. This can be attributed to the loose character of the TTF -+ NBu 4 ion pair and that the formed assemblies are less polar [45] .
The control achieved on the positioning of the organic semiconductor nanoparticles of 1 is demonstrated in figure 5 . is mostly due to tip's induced convolution [46] . It is widely known that tip-molecule convolution effects produces images of the molecules with an apparent diameter 2-5 times 
Conclusions
We have demonstrated a process for the nanoscale positioning of organic nanoparticles. 
